Ultramicrotomy was used to prepare a cross-section of shell-like amorphous SiO 2 spherical particle synthesized by the multistage St€ ober method which allowed performing¯rst direct observations of the hierarchical structure of the SiO 2 particle by transmission and scanning electron microscopy. The presence of primary, secondary and tertiary particles forming the inner structure of SiO 2 spheres was established. The use of the small angle scattering of neutrons and synchrotron radiation techniques has enabled to de¯ne the size of the primary particles, the fractal parameters of their surface and the bulk density of the SiO 2 spheres.
Introduction
Spherical SiO 2 particles are widely used in di®erent elds including information and communication technologies, medicine and biology and environmental monitoring. 1À3 Submicron and nanometer spherical particles of amorphous SiO 2 are formed using the solÀgel method by the tetraethoxysilane (TEOS) hydrolysis reaction in an aqueous-alcoholic medium in the presence of ammonium hydroxide, i.e., by the St€ ober method and exhibit a complex internal fractal-type structure. 4À8 They turned out to be biocompatible and promising as intravascular carriers for a local therapeutic action. 9, 10 In recent years, amorphous silicon dioxide has been extensively used as the basis for developing || Current address: C1C energi GUNE, Albert Einstein 48, 01510 Miñano, Alava, Spain.
nanocontainers, mesoporous structures, hybrid particles (systems) including magnetic materials for diverse applications. The internal structure of amorphous silicon dioxide (silica) is most signi¯cant for all applications. 11À16 In Ref. 17 , it has been suggested that relatively large spherical silica particles (more than 1000 nm in diameter) have a shellhierarchic structure and consist of smaller particles (\secondary" particles). The last ones, in turn, consist of much smaller spherical particles with a diameter of 5À10 nm (\primary" particles). In the recent work, the density and porosity of SiO 2 particles have been determined as a function of size, and the mechanism of particle formation by the multistage tetraethylorthosilicate hydrolysis reaction in the presence of ammonium has been studied. 8 The structure model of SiO 2 microparticles obtained by multistage synthesis as a nucleus (constructed by primary particles) with concentric shells of secondary particles ending in primary particles layers has been suggested. However, the previous research methods gave only indirect evidence of the silicon dioxide particle structure. The particle structure model would most reliably be con¯rmed by electron microscopic observation of its cross-section. For a long time it was not possible to directly observe the cross-sectional view of the particles because mechanical cutting destroys them. The attempts to cut the particles by the ion beam were also unsuccessful as it resulted in smoothing of the relief and masking of the particle structure. The use of ultramicrotomy enabled us to obtain crosssections of silicon dioxide particles and prepare°a kes of 50À100 nm thickness to investigate them by transmission (TEM) and scanning electron microscopes (SEM).
Besides, in the present work, we have studied the internal nanoparticle structure by the nondestructive small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) techniques. The SAXS and SANS methods were used to detect and specify the sizes of primary and secondary particles, their ordering as well as the porosity parameters of the whole dioxide silicon particles.
Experimental
Silica particles were prepared using the modi¯ed St€ ober method by the TEOS hydrolysis reaction in aqueous-alcoholic solution in the presence of ammonium hydroxide as described in the previous paper. 8 A single particle cross-section was prepared from bulk opal samples obtained by sedimentation of monodisperse particles 1800 nm in diameter from aqueous suspension which was followed by air drying of the precipitate at T ¼ 150 C. To strengthen the interparticle bonding, some of the samples were subjected to thermal treatment at 600 C in air for 4 h.
A Leica Ultramicrotome EM UC-7 with a diamond cutter was used to prepare 50À100 nm thick°a kes from the silicon dioxide particles. The main advantage of this technique is that it does not change the chemical composition of the sample. 18 The diamond cutter is¯xed in the ultramicrotome. The sample is set on a special holder and moves toward the cutter blade. The cutting rate can be varied from 0.5 mm/s to 3 mm/s. In soft materials, the diamond cutter enables to obtain thin layers. In the case of solid/brittle materials, controlled spallation occurs. In both cases, the plastic deformation of the sample is a limiting process. To increase the plastic deformation coe±cient of the opal, the interparticle pores are¯lled with elastic material.
For soaking we used ED-20 epoxy resin doped with iso-methyltetrahydrophthalic anhydride (iso-MTHPA) as a hardener with a mass ratio of 1:0.8. The hardening procedure was as follows: for 1 h the samples were held at 100 C, then at 120 C for 3 h and at 150 C for 7 h. This resulted in a composite consisting of SiO 2 particles capsuled in and strongly bound by the polymer (epoxy resin).
Light and dark¯eld electron microscopic and electron microdi®raction images were obtained using a Jeol JEM-100CX transmission microscope. The highresolution electron microscopic images in the transmission mode were obtained using a Titan 80À300 microscope with a spherical aberration corrector. Figure 1 shows the results of direct observation of the shell structure of the particle represented by the TEM image of a thin (100 nm thick)°ake cut out from the particle 1800 nm in diameter by means of the ultramicrotome. Analysis of the high-resolution micrographs has revealed that the cross-section is uniformly¯lled with¯ne particles 5À15 nm in diameter [see Fig. 2 . They are primary molecular-bound SiO 2 particles, 5À15 nm in diameter, which form a growing SiO 2 particle by way of aggregation.
Results and Discussion
A distinguishing feature of the presented image is the presence of narrow concentric high-density areas, as indicated by the dark contrast of these regions [see Fig. 1 ]. The particle shows 9 shells counting from the lowest concentric region about 390 nm in diameter. This 390 nm region corresponds to the particle core according to the structural model of the SiO 2 microparticle produced by multistage synthesis. 8 The synthesis process of particles with about 1800 nm in diameter includes 12 stages of adding TEOS into the solution containing, at thē rst stage, 390 nm diameter SiO 2 particles a seed. The¯nal size of the spheres obtained by multistage synthesis is well described by the equation spent for seed formation, V is the total TEOS volume introduced into the solution including V 0 . 19, 20 Table 1 presents the particle diameters at each growth stage calculated by the formula (D calc ) and the measured diameters of the concentric circles (D exp ) revealed by the TEM image, Fig. 1 From the data in Table 1 it follows that the sizes of the concentric regions shown in Fig. 1 correspond to the particle diameters predicted from the calculation by the formula D ¼ D 0 ðV =V 0 Þ 1=3 for a certain volume of TEOS at each growth stage. For better control, the size of the particles (D SEM ) obtained at each synthesis stage has been measured by SEM (see Table 1 ). To perform this, the part of the suspension obtained at each stage was observed under the microscope. The results of the measurements coincide with the calculated values. The small discrepancies between the experimental and calculated data, shown in Table 1 , are most likely to be due to the statistical errors and/or slight changes of the amount of added TEOS at the successive stages of synthesis.
It is worth noting that in Fig. 1 we do not observe any secondary particles 30À80 nm in size, the same as shown in Fig. 3 , where the outer shells of the particles were uncovered by ultrasound treatment of the sample in the presence of diamond abrasive crumb. 8 We assume that it results from crushing of the secondary particles by the ultramicrotome cutter into¯ner fragments. Figure 4 obtained at higher contrast and magni¯cation demonstrates the edge of the cross-section of the particle with several undeformated secondary quasi-sphere or oval particles of size of the order of 60 nm.
The studies of the samples in the high-resolution transmission mode indicate that the particle surface ends in a 50 nm thick dense layer (see Fig. 5 ).
The SAXS experiments were performed at the BM-26B Dutch-Belgian beam line (DUBBLE) of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. 21À23 The monochromatic X-ray beam with energy E ¼ 13 keV (wavelength ¼ 0:1 nm, size 0:5 Â 0:5 mm 2 and divergence 10 mrad) was used. The di®raction of the synchrotron radiation was registered by a two-dimensional detector (Pilatus 1M, 981 Â 1043 pixels of 0.03 mm 2 Þ positioned at a distance of $ 1.3 m behind the sample. Such values of and the sample-to-detector distance correspond to the Q range 0:15 nm À1 Ä 10 nm À1 .
The SANS experiments were performed at the \Yellow submarine" scattering facility of the BNC research reactor in Budapest (Hungary), which operates in near point geometry using neutrons with the wavelengths ¼ 0:46 nm and 1.2 nm (Á= ¼ 0:18). The range of momentum transfer 0.08 nm À1 < Q < 3:6 nm À1 was obtained using two sample-to-detector distances (1.33 m and 5.6 m).
The scattered neutrons were detected by a twodimensional position-sensitive 3 He detector (64 Â 64 cells of 10 mm 2 ). The Q-dependences of SAXS and SANS intensity are presented in Figs. 6(a) and 6(b) as examples, for two samples with sphere diameters of 500 nm and 1050 nm. The SAXS and SANS curves IðQÞ are characterized by three features emphasized by the color gradient on the background of Figs. 6(a) and 6(b). First, one observes a steep dependence IðQÞ in the region of the small Q from 0.05 nm À1 to 0.27 nm À1 . Second, there is a maximum of intensity in the Q range of 0.27 nm À1 Q < 0:95 nm À1 . Third, a steep dependence IðQÞ appears in the range of 0.95 nm À1 Q 4 nm À1 . The form factor of the scattering objects is expected to be a combination of three functions: scattering on large (several hundred nanometers in diameter) SiO 2 disordered particles, accounted by the modi¯ed Porod approximation; scattering on the short-range structure of small particles causing the appearance of the maximum described by Gaussian function; and scattering on the surface of small particles, which, as it is shown below, has a fractal structure. Thus, the¯tting function for the experimental data presented in Fig. 6 is:
The term I bg ðQÞ is to describe background scattering, which was the same for all the samples.
For samples with sphere diameters varying from 500 nm to 1680 nm the parameters of Eq. (1) are 1 ¼ 0:05 nm À1 , $ ¼ 0:35 AE 0:02 nm À1 , Q C ¼ 0:45 AE 0:02 nm À1 , 3 ¼ 0:5 nm À1 . The theoretical curves given by the¯rst three terms in Eq. (1) are presented in Fig. 6(a) and denoted by numbers 1, 2 and 3, respectively. The size of small particles d is readily obtained from d ¼ 2=Q C ffi 14ð1Þ nm. For samples with sphere diameters less than 500 nm the maximum demonstrating the scattering on the short-range structure of small particles is described by Gaussian function with $ ¼ 0:48 AE 0:02 nm À1 and Q C ¼ 0:65 AE 0:05 nm À1 . Such blurring of the maximum points out either polydispersity of small particle sizes or deviation of their shape from a spherical one.
The parameters n 1 and n 3 in Eq. (1) give the fractal index of the scattering objects. For samples with sphere diameters from 350 nm to 850 nm n 1 and n 3 are equal to 2.0 and 1.6, respectively. This means that the surface of the large particles is homogeneous with sharp interface in contrast to the fractal surface of the small particles of 14 nm in diameter. For samples with sphere diameters exceeding 1000 nm parameters n 1 and n 3 are equal to 2.4 and 1.6, respectively. The increase of n 1 above 2 indicates that the bulk density of SiO 2 spheres with diameter larger 1000 nm decreases from the center to the periphery of the sphere.
The results of SANS and SAXS experiments do not allow us to make any conclusions about the presence, or absence of the secondary particles of the size from 30 nm to 80 nm in the structure of tertiary particles SiO 2 of the size of bigger 1000 nm, according to hierarchical model. 8 Most probably this is due to the high dispersion in size of the secondary particles and the deviation of their shape from the spherical one. Both the¯rst and second factors that lead to a blurring of a maximum indicated the short-range order of the secondary particles of silica oxide at Q region from 0.07 nm À1 (for particles of diameter 80 nm) to 0.2 nm À1 (for particles of diameter 30 nm).
Therefore, the SAXS and SANS experiments have revealed the following features of the internal texture of the microsphere:
(1) Silica particles with sphere diameters of 380-1800 nm consist mostly of small particles about 14 nm in size. (2) The bulk density of the particles with sphere diameters over 1000 nm decreases from the center to the periphery of the sphere.
The SAXS and SANS results agree with the model of particle structure proposed on the basis of dependences of the density and the porosity of the particles from their diameters. 8 They con¯rm the variation of the particle density along the radius and partially con¯rm the hierarchical nature of their internal structure. The formation mechanism of shell structure with a dense surface layer proposed in Ref. 8 consists in the following. After introduction of TEOS into the reaction medium and subsequent reactions of hydrolysis and condensation of TEOS, the induction phase of nucleation is completed, producing a primary molecular-bound SiO 2 particles of 5À 15 nm in diameter that forms a growing SiO 2 particle by way of aggregation. Continuous particle formation proceeds as long as the concentration of the intermediate hydrolysis products exceeds the saturation level for SiO 2 nucleation. However, in the course of the chemical reaction the concentration of TEOS and that of intermediate hydrolysis products (monomers and dimers of silica) decrease with time. As a result, at the¯nal stages of hydrolysis, the number of primary particles forming per time unit decreases and various degree hydrolyzed silica monomers and dimers begin to join the growing particle. Thus, the growth cycle ends in formation of a dense silica layer on the surface of growing particles that ensures a \smooth" particle surface. As a new TEOS portion is added, the particles continue to grow by the mechanism described above. This continues till the growing particle reaches the critical diameter of 370À390 nm. As soon as the particles reach the critical diameter, they are surrounded by a double layer of electric potential that is su±cient to prevent penetration of primary particles from the reaction medium to the surface of growing particles. It becomes thermodynamically favorable for the primary particles to form the new (secondary) particles. On reaching 30À40 nm, the new agglomerates (secondary particles) are able to surmount the energy barrier and again join the growing silica particle. This initiates the formation of the \shell" of the growing particle whose density is less than that of the \core" (particles 370À390 nm in diameter) owing to the occurrence of an additional pore system between the secondary particles. At the¯nal step of TEOS hydrolysis, at each growing stage, the concentration of primary particles decreases and as a result the number of the formed secondary particles is decreased, too. The residual TEOS hydrolysis products and the remaining nonaggregated primary particles form the surface of the growing particle by statistically overcoming the energy barrier around the growing particle. Thus, upon completion of the growth cycle the silica dioxide particles have a regular spherical shape and a \smooth" surface due to the dense surface layer of silica. The latter is not homogeneous: it contains pores and channels allowing to the molecules comparable in size to water molecules (kinetic diameter d K ¼ 0:264 nm) to penetrate into the silicon dioxide particles and it prevent the penetration of larger molecules starting from methanol (d K ¼ 0:363 nm).
Conclusions
We have investigated the internal structure of silica particles synthesized by the multistage St€ ober method using real space microscopy (HRTEM and SEM) techniques and Fourier space SAXS and SANS techniques. For the¯rst time the shell hierarchic structure of amorphous SiO 2 particles has been demonstrated con¯rming the previously suggested model of particle structure that was revealed by the size dependence of density and porosity. 8 The shell structure with a dense surface layer containing¯ner clusters together with primary particles has been revealed.
